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Olfactory perception is initiated by the recognition of
odorants by a large repertoire of receptors in the
sensory epithelium. A dispersed pattern of neural
activity in the nose is converted into a segregated
map in the olfactory bulb. How is this representation
transformed at the next processing center for olfac-
tory information, the piriform cortex? Optical imaging
of odorant responses in the cortex reveals that the
piriform discards spatial segregation as well as che-
motopy and returns to a highly distributed organiza-
tion in which different odorants activate unique but
dispersed ensembles of cortical neurons. Neurons
in piriform cortex, responsive to a given odorant, are
not only distributed without apparent spatial pref-
erence but exhibit discontinuous receptive fields.
This representation suggests organizational princi-
ples that differ from those in neocortical sensory
areas where cells responsive to similar stimulus fea-
tures are clustered and response properties vary
smoothly across the cortex.
INTRODUCTION
Olfactory perception requires the recognition of odorants by
receptors in the periphery and more central mechanisms in the
brain that process this information to allow for the discrimination
of odorants. Individual sensory neurons in mice express only one
of 1500 different receptor genes (Buck and Axel, 1991; Zhang
and Firestein, 2002; Godfrey et al., 2004). An odorant can
interact with multiple distinct receptors, resulting in the activa-
tion of an ensemble of sensory neurons (Malnic et al., 1999; Ara-
neda et al., 2004; Oka et al., 2006). Discrimination among odor-
ants then requires that the brain determine which of the sensory
neurons have been activated by a given odorant. Neurons
expressing a given receptor, although randomly distributed
within zones of the epithelium, project with precision to two
spatially invariant glomeruli in the olfactory bulb (Vassar et al.,
1993, 1994; Ressler et al., 1993, 1994; Mombaerts et al.,
1996). Thus, a transformation in the representation of olfactory
information is apparent in the bulb where the randomly distrib-
uted population of active neurons in the sense organ is consoli-
dated into a discrete spatial map of glomerular activity.
What is the nature of the representation in the bulb and in the
next olfactory processing center, the piriform cortex? In the854 Neuron 63, 854–864, September 24, 2009 ª2009 Elsevier Inc.visual, auditory, and somatosensory systems, spatial informa-
tion in the peripheral sense organs is maintained in the sensory
cortex (Woolsey and Walzl, 1942; Talbot and Marshall, 1941;
Marshall et al., 1941). In these sensory neocortices, cells respon-
sive to similar stimulus features are clustered, and response
properties vary smoothly across the cortex. In the olfactory
bulb, imaging experiments reveal that different odorants elicit
distinct spatial patterns of glomerular activity (Rubin and Katz,
1999; Johnson and Leon, 2000; Uchida et al., 2000; Meister
and Bonhoeffer, 2001; Wachowiak and Cohen, 2001; Spors
and Grinvald, 2002; Xu et al., 2003; Lin et al., 2006; Soucy
et al., 2009). These studies reveal a coarse chemotopic repre-
sentation; glomeruli responsive to structurally similar odorants
are spatially segregated within domains, but within these
domains glomeruli with differing odorant specificities are inter-
spersed.
The representation of odorants in the piriform has been exam-
ined by electrophysiological recordings, imaging of intrinsic
signals, and analysis of odorant evoked Fos gene expression
(Rennaker et al., 2007; Sugai et al., 2005; Illig and Haberly,
2003; Poo and Isaacson, 2009). The mitral and tufted cells, the
output neurons of the bulb, extend an apical dendrite into a single
glomerulus and project axons to several telencephalic areas and
provide significant input onto pyramidal neurons of the piriform
cortex (Price and Powell, 1970). Mitral cell axons synapse with
dendrites of pyramidal cells in layer 1 of piriform, a three-layered
paleocortex. Electrophysiological recordings of individual pyra-
midal cells at several positions in the anterior piriform cortex
reveal cells responsive to a given odorant distributed across
the cortex (Rennaker et al., 2007). However, efforts to examine
the spatial structure of cortical activity in the piriform cortex by
recording a small number of widely separated cells may not
permit the detection of patterned neural activity. More extensive
sampling of cortical activity derives from analysis of Fos gene
expression (Illig and Haberly, 2003). These studies reveal that
cells responsive to an odorant are dispersed without obvious
spatial pattern, but Fos imaging permits detection of the
response of cells to only a single odorant and depends upon
an interpretation of the source of the Fos signal.
We have therefore visualized odorant representations in piri-
form by optically recording the responses of large populations
of neurons across the cortex at single-cell resolution. These
studies reveal that the piriform does not exhibit a pattern of
neural activity in which cells respond to a given odorant with
great selectivity. Rather, the specificity of an odorant appears
to be represented by unique and distributed ensembles of
neurons that no longer display the coarse chemotopy or spatially
segregated patterns of neural activity observed in the olfactory
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Representations of Odor in the Piriform CortexFigure 1. Odorant-Evoked Responses in Mouse Piriform Using In Vivo Two-Photon Calcium Imaging
(A) Views of the lateral (top) and ventral lateral (bottom) surface of the mouse cerebral hemisphere showing the piriform cortex outlined by a white dotted line. The
imaged area is highlighted in blue. The same region of piriform was imaged in different animals using the middle cerebral artery (MCA) and lateral olfactory tract
(LOT) as landmarks. Scale = 1 mm.
(B) Coronal slice of piriform showing the characteristically dense layer 2, which is occupied primarily by the somata of pyramidal cells that receive direct input from
the bulb upon their apical dendrites in layer 1. Neuronal nuclei were labeled using NeuroTrace. Scale = 100 mm.
(C) Baseline fluorescence of cells in layer 2 loaded with Oregon Green 488 BAPTA-1 AM and imaged in vivo with two-photon microscopy. Scale = 50 mm.
(D) The cells in panel (C) were identified by custom software using their baseline fluorescence andwere overlayed with cellular responses to odorants presented in
gradations of red corresponding to the level of response. Di(propylene glycol) (DPG) is used to dilute odorants to approximately equal concentration (3 ppm in air).
Five structurally diverse odorants, including the complex odorant, female mouse urine, activate dispersed subsets of cells. 2,5-dihydro-2,4,5-trimethylthiazoline
(TMT), a component of fox urine that elicits innate aversive behavior in the mouse, also activates cells in this region.
(E) Traces depicting changes in fluorescence elicited by the five odorants for the five cells outlined in (C). Adjacent cells can respond selectively to different odor-
ants. The traces of odorants not eliciting a response are gray, and those of DPG and air are blue.bulb. This representation suggests organizational principles that
differ from those in neocortical sensory areas where cells with
similar receptive fields are clustered and tuning varies smoothly
across the cortex. These data suggest a model in which connec-
tions from bulb to cortex involve random, convergent, excitatory
inputs to piriform cells, a feature that may render the piriform
a purely associative cortex.
RESULTS
Odorant-Evoked Responses in Piriform Cortex
We have developed procedures that permit the recording of
odorant-evoked changes in fluorescence intensity in neurons
of the piriform cortex in mice by two-photon microscopy (Denk
et al., 1990). The piriform cortex is a three-layered structure on
the ventral lateral surface of the cerebral hemisphere (Figure 1A).
The major projection neurons of the piriform cortex, the pyra-midal cells, locate their cell bodies in layers 2 and 3 and extend
apical dendrites to layer 1 where they synapse with mitral cell
afferents from the olfactory bulb (Figure 1B). A surgical proce-
dure was developed to expose the ventral surface of the
temporal lobe, rendering the piriform cortex optically accessible
to two-photon microscopy. Piriform neurons were loaded
with the calcium-sensitive fluorescent dye, Oregon Green 488
BAPTA-1 AM, by injection of dye into broad regions of layer 1
(Stosiek et al., 2003; Ohki et al., 2005). This bulk-loading tech-
nique led to the efficient uptake of dye by the dendrites and
the labeling of greater than 90% of the pyramidal cell bodies in
layers 2 and 3 across wide regions of the piriform cortex
(Figure 1C). This preparation maintains the integrity of the olfac-
tory system and reveals odorant-evoked changes in fluores-
cence intensity in pyramidal cells for as long as 12 hr.
We imaged odorant responses at multiple sites in over 100
animals. We present typical examples that illustrate the featuresNeuron 63, 854–864, September 24, 2009 ª2009 Elsevier Inc. 855
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Representations of Odor in the Piriform Cortexof odorant-evoked responses in the piriform. We have analyzed
responses in multiple animals to determine the variability of
these features. Stimulation consisted of a 1 s puff of odorant in
diluted concentrations ranging from 0.5 to 80 ppm in air. Presti-
mulation images acquired upon exposure to air were used to
calculate the baseline fluorescence of labeled pyramidal cells.
Responses reflect a cell-based analysis of aligned images
corrected for movement (Figures S1 and S2). Exposure to 20
different odorants, at concentrations from 0.5 to 80 ppm, elicited
fluorescence changes in 3%–15% of the piriform neurons
(Figures 1D and 1E). Each odorant activated a unique ensemble
of cells in layer 2 (Figure 1D). The frequency of responding cells
differed for different odorants but was consistent for each
odorant across multiple fields in different animals. When pre-
sented at 3 ppm, for example, octanal activated 10.2% of the
labeled piriform cells (±1.1 SEM, n = 14 animals; for c = 16967
cells in f = 45 imaging fields), whereas a-pinene activated
6.5% (±1.0 SEM, n = 6, c = 9297, f = 21) and benzaldehyde
activated only 3.3% (±0.8 SEM, n = 3, c = 2982, f = 10) of the piri-
form cells. Odorant-evoked responses in fields of 300 cells
were consistent across multiple trials: on average, a cell respon-
sive to a given odorant was activated in over 80% of 15 trials
Figure 2. Odorant-Evoked Calcium
Responses in Piriform Cortex Are Highly
Consistent
(A) Responses to DPG and hexanal are superim-
posed upon an image of identified cells. Fifty-five
of 335 cells in this field exhibit significant increases
in fluorescence when the animal is stimulated with
hexanal. Scale = 50 mm.
(B) The superimposed traces from 20 sequentially
delivered odorant pulsesmeasured using a photo-
ionization detector are shown at the top in blue.
The superimposed fluorescence traces from 20
hexanal (red) or DPG (blue) trials are presented
below for six different cells along with the cross-
trial average for each cell. The individual trial
traces are highly consistent, even for those cells
with small responses.
(C) The average DF/F for the 2 s epoch after the
onset of hexanal (red) or DPG (blue) delivery is
shown for all 20 trials for the 55 cells identified
as responding to hexanal. Single-trial hexanal
responses are distributed monomodally around
the cross-trial average, shown in pink.
(Figures 2 and S3). This consistency is
similar to calcium responses measured
in rodent visual cortex but much greater
than the variable responses recently
observed in barrel cortex (Ohki et al.,
2005; Kerr et al., 2007). Moreover, the
responses were eliminated by blockade
with the glutamate antagonists, CNQX
and APV, indicating that the observed
responses were synaptically mediated
(Figure S4).
Cells responsive to a given odorant
within the same imaging field exhibited
a range of statistically significant positive responses, with DF/F
values between 2% and 50%. In a field of 300 cells in which
55 neurons responded to one of six odorants, 47 cells exhibited
a DF/F below 10%, whereas eight cells exhibited a DF/F from
10%–40% (Figures 2A and 2C). This skewed distribution of
response intensities could reflect different levels of convergent
input from active mitral cells, a property that could follow an
exponential distribution consistent with our data.
The response to increasing odorant concentrations in the piri-
form was subadditive and saturating. As the octanal concentra-
tion was increased from 3 to 80 ppm, the frequency of respon-
sive cells approached saturation at a value of 20% active cells.
At 3 ppm, 10% of the cells were activated, and this value only
increased to 20% at 25-fold higher odorant concentrations
(Figure 3). Most cells exhibited subadditive increases in intensity
with increasing odorant concentration, but one-third of the cells
exhibited a decline in activity at higher concentration. The pres-
ence of a population of cells that exhibited diminished response
intensities as odorant concentration was increased suggests
that suppression accompanies increases in activity, a conclusion
further supported by experiments with odorant mixes (see
below).856 Neuron 63, 854–864, September 24, 2009 ª2009 Elsevier Inc.
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Representations of Odor in the Piriform CortexDifferent Odorants Activate Unique Ensembles
of Neurons
Each odorant activated a population of from 3% to 15% of the
neurons in layer 2 of the piriform cortex. The responses of indi-
vidual cells could be resolved, and adjacent cells responsive to
different odorants were readily distinguished (Figures 1C and
1E). Within a single imaging field, cells responsive to a given
odorant were dispersed rather than clustered, and cells re-
sponding to different odorants were therefore intermingled. Cells
adjacent to an octanal-responsive neuron, for example, were
equally likely to respond to 2,5-dihydro-2,4,5-trimethylthiazoline
(TMT, an aversive fox odorant) or female mouse urine (an attrac-
tive odorant) as they were to octanal (Figures 1C–1E). No spatial
clustering of neurons responsive to a given odorant could be dis-
cerned within localized imaging fields.
Each odorant activated a distinct ensemble of cortical neu-
rons. Individual cells within the ensemble could respond to mul-
tiple structurally dissimilar odorants. 12.8% of the cells respon-
sive to octanal, for example, were also responsive to a-pinene
(±2.7 SEM, n = 6 animals), and about 9.0%of octanal-responsive
cells also responded to butyric acid (±1.3 SEM, n = 3; Figures 4A
and 4B). A given neuron in piriform cortex responded to multiple
dissimilar odorants and therefore exhibited what might be called
a ‘‘discontinuous’’ receptive field. These observations imply that
the identity of an odorant cannot be determined by the activity of
an individual neuron. Rather, an odorant is likely to be repre-
Figure 3. Concentration Dependence of
Odor-Evoked Responses
(A) Graded maps showing responses to octanal at
concentrations (in ppm) indicated in the upper
right corner of each panel. At 3.3 ppm, 12% of
the cells are activated, and this value only
increases to 20% at 82.5 ppm, a 25-fold higher
odorant concentration. Scale = 50 mm.
(B) Most cells exhibit nonlinear increases in inten-
sity with increasing odorant concentration, but
one-third of the cells exhibit a decline in activity
at higher concentration.
(C) The frequency of responsive cells is nonlinear
as a function of octanal concentration and satu-
rates at a value of 20% active cells.
sented by an ensemble of active neurons
that is unique to an individual odorant.
The distinct representations of struc-
turally dissimilar odorants in cortex pre-
sumably reflect the observation that
these odorants activate largely nonover-
lapping sets of glomeruli in the olfactory
bulb. However, structurally similar odor-
ants such as octanal and hexanal, for
example, activate glomerular populations
with over 70% overlap (Meister and Bon-
hoeffer, 2001). In the piriform cortex, the
patterns of active neurons elicited by
these odorants exhibited 26.6% overlap
(±2.0 SEM, n = 7; Figures 4C and 4D).
This value is greater than the 5%–15%
overlap typically observed between structurally distinct odorants
but is far less than the overlap between the set of hexanal- and
octanal-responsive glomeruli described in the bulb (Meister
and Bonhoeffer, 2001). The extent of overlap between the repre-
sentations of two odorants will change depending upon where
the threshold is set, an inherent problem in imaging experiments.
Increasing the threshold diminishes overlap, whereas lowering
the response threshold increases overlap. The overlap between
octanal and hexanal is not large even at low thresholds that
maximize overlap. Thus, the overlapping representations of
structurally similar odorants observed in the bulb are decorre-
lated in piriform cortex.
We also observed a small subset of cells that responded to the
majority of odorants tested. In a typical experiment, in agivenfield
of cortical neurons exposed to five structurally distinct odorants,
about 35% of the neurons responded to at least one odorant,
and only 2% of the neurons responded to four or five of the odor-
ants (Figure 4B). The frequencyof cells that respondedpromiscu-
ously to multiple odorants was consistent across several imaged
fields. These neurons may have input characteristics different
from the vast majority of the responding piriform cells.
The Spatial Distribution of Cortical Neurons Responsive
to a Given Odorant
A given odorant activates a spatially stereotyped population of
glomeruli in the olfactory bulb (Rubin and Katz, 1999; BelluschioNeuron 63, 854–864, September 24, 2009 ª2009 Elsevier Inc. 857
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Representations of Odor in the Piriform CortexFigure 4. Odorants Evoke Responses in Unique but Overlapping Ensembles of Piriform Neurons
(A) Cells responsive to octanal (red) overlayed on the responses to five other odorants (green) in piriform layer 2. The cells are presented as either responsive or not
responsive with no graded color code. Yellow cells respond to both odorants. Each odorant evokes responses in different but overlapping ensembles of piriform
cells. Scale = 50 mm.
(B) Array showing the responses of cells from panel (A) to each of the six presented odorants. Only those cells responding to at least one odorant are shown.
A yellow dot in the upper left corner of the cell/odorant pairing indicates a significant response. Approximately one-quarter of the cells respond to more than
one odorant, but only six of the 85 cells respond to three or more odorants.
(C) Octanal (red) and a-pinene or hexanal (green) responsive cells in multiple adjacent imaging sites containing 972 labeled cells in layer 2 of the piriform cortex.
The imaged sites are superimposed upon the blood vessels at the surface of the piriform that are used for alignment. Of the 88 cells responding to octanal, nine
also respond to the structurally dissimilar odorant a-pinene, and 19 also respond to the highly similar odorant hexanal. Scale = 100 mm.
(D) Sample fluorescence traces for four cells from panel (C). Some cells respond strongly to octanal (top) or hexanal without responding even weakly to the other.and Katz, 2001; Bozza et al., 2004; Soucy et al., 2009). Superim-
posed upon this invariant insular map is a coarse chemotopy
such that structurally similar odorants often activate glomeruli
in circumscribed regions of the olfactory bulb (Lin et al., 2006;
Takahashi et al., 2004; Ingarashi and Mori, 2005). We imaged
multiple overlapping fields to survey large areas of both the ante-
rior and posterior piriform cortex to determine whether different
odorants activated spatially segregated populations of cortical
neurons. Imaging was performed on similar regions of piriform
cortex in different individuals using the middle cerebral artery
and the lateral olfactory tract as anatomic landmarks (Fig-
ure 5A). Optical recordings were obtained with 16 structurally
diverse odorants across overlapping fields of 300 cells in about
100 animals. We present typical examples of this analysis in
Figures 5 and S5–S8. Cells responsive to a given odorant were858 Neuron 63, 854–864, September 24, 2009 ª2009 Elsevier Inc.distributed throughout the entire imaged fields without evidence
for segregation, with only incidental clustering that was not repli-
cated across animals (Figure 5C). We found a similar distribution
of responsive cells for each of 16 structurally distinct odorants
independent of imaging location in piriform. These results are
in accord with our observations upon imaging single fields and
reveal the intermingling of cells responsive to different odorants.
The representations of odorants displayed no reliable pat-
terning on a large (1 mm) or small (100 mm) spatial scale. No
consistent patches of responsive cells or gradients in the density
of responsive cells were observed across the imaged regions
stretching 3 mm and encompassing as much as 20% of the piri-
form’s area and 50%of its length. The density of responsive cells
in the representation of a given odorant could vary 2- to 3-fold
across spatial scales of hundred of microns (Figures 5C and
Neuron
Representations of Odor in the Piriform CortexFigure 5. Distributed Odorant Representa-
tions Extend across Wide Regions of Piri-
form Cortex
(A) Ventral lateral view of a mouse cerebral
hemisphere superimposed with the imaging crani-
otomy. The surface vasculature enables the
montage of imaging sites positioned widely across
the piriform and the determination of their location
within the hemisphere. Scale = 1 mm.
(B) Montage of images showing the baseline
fluorescence of labeled cells in five contiguous
imaging sites across layer 2 of the piriform
cortex in the hemisphere shown in panel (A). The
montage overlies the vessels at the surface of the
cortex that was used for alignment. The imaged
region contains 1301 loaded cells. Scale = 200 mm.
(C) Responsive cells to four odorants across
a wide region of piriform cortex shown in panel
(B). The odorants were diluted to approximately
the same concentration (3 ppm in air) except for
a-pinene, which was presented at 15 ppm.
Different odorants elicit different numbers of
responsive cells. The density of responsive cells
to a given odorant can vary three-fold over ranges
of 100 mm.S6–S8). Monte Carlo simulation in which we randomly distribute
the same number of responsive cells on the same locations
yielded similar results (Figure S9). However, autocorrelation
analysis of the representations of individual odorants and
cross-correlation analysis of the representations of different
odorants revealed no periodic patterning that was consistent
across animals (Figure S10). The distribution of responsive cells
across the piriform does not change when we consider only the
highest responding cells (DF/F > 5%; Figure S11). There was
likewise no evidence for a graded spatial distribution of cells
responsive to an odorant, a finding inconsistent with a rostral-
caudal gradient of odorant responses reported for intrinsic
imaging of the guinea pig piriform (Sugai et al., 2005).
The behavioral relevance of odorants also does not appear to
be regionally mapped in piriform since cells responsive to two
odorants that elicit opposing behaviors (mouse urine and
a component of fox excretions, TMT) were intermingled. Thus,
neither the spatially segregated patterns of active glomeruli nor
the associated chemotopy observed in the olfactory bulb were
found in the distributive odorant representations in piriform
cortex. The absence of discernible patterning suggests the
possibility that the cells’ responsive to a given odorant may be
randomly distributed in the piriform cortex.
The Response of Piriform Cortex to a Mix of Odorants:
Synergy and Suppression
Pyramidal neurons are thought to integrate convergent mitral cell
input frommultiple glomeruli onto individual pyramidal cells. This
model predicts that exposure to a mix of two odorants will result
in the activation of a significant subset of pyramidal neurons that
are not activated by the individual components of the mix. Alter-
natively, if pyramidal neurons receive input from only a single
glomerulus, the representation of an odorant mix should reflect
the combined representations of the component odorants pre-sented separately. We therefore exposed mice to either octanal,
a-pinene, or hexanal alone or in pair-wise mixes and imaged
across multiple fields in the piriform cortex (Figure 6). 20%–
40% (average = 32.3% ± 3.7% SEM, n = 5 animals) of the
neurons responsive to a mix did not respond to either of the
individual components, a finding consistent with the conver-
gence of inputs from multiple glomeruli (Figure 6A). However,
the responses of the cells active only with a mix was on average
weak (DF/F below 10%); this population did not include the
subset of strong responses (DF/F above 10%) that were consis-
tently observed with component odorants.
Themost prominent feature observed with amix was suppres-
sion. 40%–60% of the cells responsive to the individual compo-
nents failed to respond to a mix of these components (average =
50.0% ± 3.5% SEM, n = 5 animals). In a field of 1039 cells in
which 188 responded to octanal or a-pinene alone, we observed
that only 120 responded upon exposure to the mix (Figure 6A).
This suppression was observed for pair-wise combinations of
structurally similar (octanal/hexanal) and dissimilar (octanal/
pinene; octanal/ethyl methyl sulfide, data not shown) odorants.
Moreover, suppression was not only reflected by the cells that
responded to components and not to the mix but also by dimin-
ished responses in those cells that remained active to the mix
(Figures 6B–6D). The extent of synergy or suppression a cell
exhibited with a mix does not correlate with the magnitude of
its response to a single component.
The observed suppression was not specific. a-pinene elicited
an excitatory response in 4% of the piriform cells when pre-
sented alone, yet elicited suppression in over 90% of the octa-
nal-responsive cells when presented in a mix. Thus, the repre-
sentation of a mix of odorants in piriform retains features of the
representations of the components and exhibits a small syner-
gistic collection of cells, but its most prominent feature is strong,
nonspecific inhibition.Neuron 63, 854–864, September 24, 2009 ª2009 Elsevier Inc. 859
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Representations of Odor in the Piriform CortexFigure 6. The Response of Piriform Cells to
a Mix of Odorants Exhibits Strong Suppres-
sion and Weak Synergy
(A) Montage of four imaging sites from layer 2 of
piriform cortex containing 1039 labeled cells. The
red cells in the upper left panel respond to either
octanal or a-pinene presented alone. The green
cells in the upper right panel respond to a mix of
octanal and a-pinene at the same concentration
as used at the left. The overlap between the
responses to the individual odorants and to the
mix is shown in the lower left. Cells responsive to
individual odorant alone and the mix are yellow.
Cells responsive to odorant presented alone but
not to the mix remain red, whereas cells respon-
sive to the mix but not individual odorants are
green. 36% of the 188 cells responsive to the indi-
vidual odorants do not respond to the mix. The
difference between the sum of the responses to
the individual odorants and the response to the
mix, with gradations of red indicating higher mix
responses and gradations of blue indicating lower
mix responses, is presented in the lower right.
Scale = 100 mm.
(B) Sample traces from panel (A) showing a cell
that exhibits a similar response to a-pinene and
the mix (top), cells that exhibit a partially (second
from top) or completely (third from top) sup-
pressed response to the mix, and a cell that
responds only to the mix (bottom). Cellular
responses to mix alone are invariably weak.
(C) Ranked-ordered responses to octanal (red)
and responses to the mix of octanal and a-pinene
(green) shown for those cells that responded to
octanal but not a-pinene. Data presented are for
2177 cells from the imaged fields shown in panel
(A), as well as three additional, nonadjacent fields
in the same animal.
(D) The sum of each cell’s response to the indi-
vidual odorants presented separately compared
with the cell’s response to the mix.DISCUSSION
Odor Representations in Piriform Cortex
Olfactory perception is initiated by the recognition of odorants by
a large repertoire of receptors in the sensory epithelium. Distrib-
uted neural activity in the nose is converted into a segregated,
coarse chemotopic map in the olfactory bulb. This transforma-
tion results from the convergence of like axons, each bearing
the same receptor, on a given glomerulus. This organization
combines the robustness of a redundant, spatially unbiased
sampling system in the nose with the economy of a condensed
spatial representation in the olfactory bulb. Optical imaging of
responses in the cortex reveals a second transformation in which
odorants activate a subpopulation of neurons distributed across
the piriform cortex. The piriform therefore discards spatial segre-
gation as well as chemotopy and returns to a highly dispersed
organization in which different odorants activate unique ensem-
bles of cortical neurons.
An individual odorant activates an ensemble that consists of
3%–15% of the cells in piriform at low concentration, an obser-860 Neuron 63, 854–864, September 24, 2009 ª2009 Elsevier Inc.vation that implies that a neuron will respond to multiple odor-
ants. Indeed, we observe significant overlap in the responses
of individual neurons to structurally dissimilar odorants. These
imaging results are consistent with electrophysiological studies
showing that individual piriform cells respond to diverse odor-
ants (Rennaker et al., 2007; Litaudon et al., 2003; Yoshida and
Mori, 2007; Kadohisa and Wilson, 2006; Poo and Isaacson,
2009). The frequency of responsive cells we observe is in accord
with a recent study that employed patch-clamp recordings to
sample the odorant-evoked responses of piriform cells (Poo
and Isaacson, 2009). This similarity is observed despite the
presumed differences in the sensitivity of Ca2+ imaging and elec-
trophysiological recording. One implication of these observa-
tions is that piriform processing does not generate cells that
respond to an odorant with great specificity, the equivalent of
olfactory ‘‘grandmother cells.’’ Rather, odorants appear to be
represented by unique ensembles of active neurons.
A neuron within an ensemble activated by a given odorant
responds to multiple dissimilar odorants, but often fails to
respond to structurally similar odorants. Thus, piriform cells
Neuron
Representations of Odor in the Piriform Cortexpossess discontinuous receptive fields that appear fundamen-
tally different from those in neocortical sensory areas. In primary
visual cortex, V1, for example, a cell responsive to a given orien-
tation is likely to respond to lines of similar orientation but not to
lines of very different orientation (Hubel and Wiesel, 1959).
Neurons in piriform cortex not only exhibit discontinuous
receptive fields, but neurons responsive to a given odorant are
distributed without apparent spatial preference. As a conse-
quence, cells with widely differing olfactory receptive fields are
interspersed. This finding extends previous studies that revealed
a distributive odorant representation across the piriform by
examining electrophysiological activity and Fos expression
(Rennaker et al., 2007; Illig and Haberly, 2003). These studies,
however, were unable to address the interspersion of cells with
different response properties. Two-photon imaging of odor
responses in the dorsal telencephalon of the zebrafish also
reveals a dispersed ensemble of active neurons with only small
differences in the spatial distribution of cells responsive to
different odors (Yaksi et al., 2009).
Although coarse chemotopy exists in the bulb, our data reveal
that no correspondence between chemical receptive field and
position can be found in the piriform. Rather, individual piriform
cells themselves possess discontinuous receptive fields, and
no contiguity in response properties is observed among neigh-
bors. These data suggest organizational principles that differ
from those of neocortical sensory areas where cells responsive
to similar stimulus features are clustered, and response proper-
ties vary smoothly across the cortex. The feedforward maps en-
coding tonotopy in A1, visuotopy in V1, and somatotopy in S1 in
mice and other mammals exhibit spatial continuity of neurons
responsive to similar stimuli (Woolsey and Walzl, 1942; Talbot
and Marshall, 1941; Marshall et al., 1941). However, cells prefer-
ring similar orientations in V1 are not clustered in rodents (Ohki
et al., 2005). This organization in rodent V1 may reflect a novel
strategy for organizing visual information or may simply reflect
the small number of cells in the diminutive rodent cortex. In other
mammals, cells clustered within a given orientation column have
overlapping retinotopic receptive fields. In rodents, however,
cells with similar orientation preferences have not been shown
to possess overlapping receptive fields. The small rodent V1
may simply not containmultiple cells of a given orientation selec-
tivity and receptive field.
In vision and somatosensation, information central to percep-
tion exists in two dimensions in the external world, and a two-
dimensional representation is maintained from the peripheral
sense organs to the sensory cortices. The identity of olfactory
information in the physical world does not have a meaningful
representation in two dimensions, and we observe no spatial
order in the odorant representations in piriform cortex. The differ-
ence between the cortical representation in olfaction and other
sensory systems may also reflect the high dimensionality of
odorant space compared to other modalities or perhaps the
discrete rather than continuous character of odorant detection
within that space.
The Representation of Odorant Mixes
The patterns of neural activity observed upon exposure to a mix
of odorants reveal that the representations in piriform do notsimply sum the component representations nor are they domi-
nated by synergistic responses. Rather, the overriding feature
observed with mixes is a suppression of activity in cells respon-
sive to the individual odorants presented alone. Electrophysio-
logical studies have similarly described mixture suppression
as well as facilitation of odorant-evoked responses in individual
neurons in the piriform (Wilson, 2003; Yoshida and Mori, 2007).
This suppression may in part be attributed to inhibitory interneu-
rons in layer 1 that exhibit nonselective excitation (Poo and
Isaacson, 2009). Mixture suppression has also been observed
in mitral cells but is more specific than the pervasive suppres-
sion we observe in piriform (Davison and Katz, 2007). In the
zebrafish, the mixture suppression observed in the telenceph-
alon exceeds the suppression recorded in mitral cells of the
bulb (Yaksi et al., 2009). Our data suggest that suppression
may serve an essential normalization function, maintaining a
limited number of active neurons independent of the complexity
of an odorant. This may be important given that natural odorants
often consist of multiple molecular components each capable of
exciting 10% of the cortical neurons when presented alone.
Summation without suppression would result in global activity
in cortex resulting in massively overlapping patterns of neural
activity, a phenomenon that could degrade discriminatory
power.
The pattern of active neurons in response to a mix of odorants
differs from the representations of the individual components.
Despite these differences, behavioral studies demonstrate that
rodents retain the ability to detect the individual odorant compo-
nents in a mix (Linster and Smith, 1999; Dreumont-Boudreau
et al., 2006; Wiltrout et al., 2003). The observation that mix repre-
sentations do not reflect the sum of component activities sug-
gests that the recognition of individual odorants in a mix does
not require the complete ensemble of active neurons elicited
by an odorant in isolation.
How Are Odorant Representations in the Piriform
Generated?
Individual odorants interact with multiple receptors, resulting in
the activation of multiple glomeruli in the olfactory bulb. If the
identity of an odorant is defined by the combination of active
glomeruli, then the olfactory system must integrate activity
across multiple glomeruli. Integration could be accomplished
by both the olfactory bulb and piriform cortex. Piriform cells
responsive to a given odorant are distributed without apparent
spatial preference. However, imaging studies of the bulb reveal
a coarse chemotopy; glomeruli responsive to related odorants
are spatially segregated but are interspersed among glomeruli
of diverse specificities (Lin et al., 2006; Takahashi et al., 2004;
Ingarashi and Mori, 2005; Soucy et al. 2009). The distributive
representation in the piriform no longer exhibits any chemotopic
organization and is therefore likely to result from a reorganization
of olfactory information downstream of the bulb.
Individual piriform cells respond to structurally dissimilar odor-
ants, whereas mitral cells respond with far more stringent selec-
tivity (Davison and Katz, 2007). These observations suggest that
information from different glomeruli converge upon individual
piriform cells downstream of the bulb (Franks and Isaacson,
2006). Additional evidence for convergence is revealed byNeuron 63, 854–864, September 24, 2009 ª2009 Elsevier Inc. 861
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not to the components. Although this synergy may reflect the
activation of a single glomerulus by each component of the
mix, the finding of synergy with structurally dissimilar odorants
renders this possibility less likely. Thus, the observation that indi-
vidual piriform cells respond to dissimilar odorants and the
finding of synergistic activation of neurons by a mix of dissimilar
odorants provide evidence for the convergence of distinct
glomerular inputs on a single cortical neuron.
We cannot at present discern whether the projections of
different mitral cells upon piriform neurons are random or deter-
mined. Since an odorant can activate as many as 100 glomeruli,
the distributed pattern of neural activity we observe in piriform
could result from the spatially segregated input of 100 classes
of mitral cells to discrete regions of piriform, which in aggregate
innervate the entire cortical space. Although determined, this
pattern of innervation could give the appearance of a random
distribution. Alternatively, mitral cells from individual glomeruli
may indeed project diffusely and randomly to innervate cortical
neurons such that each pyramidal cell receives a random and
unique combination of glomerular inputs. Preliminary data from
our laboratory (R. Datta, D. Sosulsky, D., and R.A., unpublished
data) indicate that projections from a single glomerulus are not
spatially segregated but broadly innervate the piriform, a finding
consistent with models of random convergence.
We have generated a model that invokes random convergent
excitatory inputs from mitral cells onto piriform neurons
(Figure S12; Supplemental Discussion). In the model, each pyra-
midal cell also receives a second inhibitory set of inputs medi-
ated by local neurons in the piriform. The population of piriform
cells, each connected with an independent combination of glo-
meruli, thus samples possible combinations in an unbiasedman-
ner. This randommodel affords an explanation for the dispersed
responses to odorants and reliably predicts the quantitative
results of our imaging experiments (Figure S12).
If the connections from bulb to cortex are indeed random, then
the representation of the quality of an odorant or its valence in the
piriform must be imposed by experience, rendering the piriform
a purely associative cortex. Odorants, however, can elicit innate
behavioral responses suggesting that a second area of the brain
must receive stereotyped and determined inputs from the olfac-
tory bulb. A similar organization may be operative in insects
where stereotyped connections to the protocerebrum mediate
innate olfactory responses, whereas it has been argued that
random inputs to the mushroom body mediate learned olfactory
behavior (Jortner et al., 2007; Murthy et al., 2008).
The consequence of randommitral cell inputs on piriform cells
could produce sensory representations such that cells respon-
sive to a given odorant are dispersed rather than segregated
and exhibit discontinuous receptive fields. This differs from the
representations observed in sensory neocortices that encode
vision, touch, or sound. Rather, the piriform may be more remi-
niscent of the hippocampus, another three-layered cortical
area. Place cells in hippocampus, for example, exhibit no appar-
ent relationship between their position in brain space and their
receptive field in external space (O’Keefe et al., 1998; Redish
et al., 2001), a possible intriguing parallel between the represen-
tations in piriform cortex and hippocampus.862 Neuron 63, 854–864, September 24, 2009 ª2009 Elsevier Inc.EXPERIMENTAL PROCEDURES
Animal Subjects
Imaging experiments were carried out in 188 animals. All data shown were
acquired in male B6CBAF1 mice obtained from Jackson Laboratories. Exper-
iments were also conducted in females and a different strain (C57BL/6, also
from Jackson), with similar results. The ages of experimental animals ranged
from 3 to 10 weeks. The data presented were obtained in animals anesthetized
with ketamine/xylazine (100 mg/kg ketamine and 10 mg/kg xylazine initial
dose; 30 mg/kg ketamine every 20–30 min maintenance doses). Experiments
using urethane (1.5 mg/g) yielded similar results in B6CBAF1mice. All subjects
were treated in accordance with institutional guidelines of the Columbia
University Medical Center.
Surgical Preparation
Subjects were allowed to eat and drink freely until the start of the experiment.
Under anesthesia, an incision was made rostrocaudally from the mouth to the
ear across the cheek, and the skin was retracted to expose the masseter
muscle. The superficial temporal vein was severed by cauterization, after
which the zygomatic bone extending from the squamosal bone to just poste-
rior to the eye was removed with fine scissors. A dorsoventral incision was
subsequently made in the masseter muscle halfway between the eye and
ear, penetrating all the way to the outer surface of the mandible, using the
cautery. The upper portion of the mandible including the coronoid and condy-
loid processes was then removed with fine scissors. The temporalis muscle
was afterward disconnected from the skull along the temporal ridge and re-
tracted. Completion of these steps exposed the ventral lateral surface of the
skull with minimal bleeding, and the targeted imaging site was clearly visible
through the skull at the intersection of the LOT and MCA. A headpost was
then fixed to the dorsal surface of the skull using dental acrylic (Coltene/Whale-
dent) and a water-impermeable barrier constructed around the surgical site
with silicone sealant (WPI). A small craniotomy, usually 1 mm dorsoventrally
by 2–3 mm rostrocaudally, was then drilled over the piriform. After removal
of the skull, the siliconewell surrounding the craniotomywas filledwith artificial
cerebral spinal fluid (ACSF; 125 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM
HEPES, 2 mM CaCl2, 2 mM MgSO4) at all times. The internal temperature of
subjects was maintained at 37.0C using a feedback-controlled heating pad
(FST), and subjects were hydrated by continuous intraperitoneal injection of
normal saline supplemented with glucose.
Dye Injections
All imaging was carried out using an Ultima two-photon microscope (Prairie
Technologies). Injections of calcium-sensitive dye were made under two-
photon microscopy in a manner similar to that previously described by other
groups, with a few modifications (Stosiek et al., 2003; Ohki et al., 2005). Ore-
gon Green 488 BAPTA-1 AMwas dissolved in DMSOwith 20% Pluronic F-127
to produce a concentration of 0.8 mM, and this solution was diluted 1/40 with
standard pipette solution containing red dye (150 mM NaCl, 2.5 mM KCl,
10 mM HEPES, 20 mM Alexa Fluor 594; dyes from Molecular Probes). This
dye solution was pressure injected into one or more locations of piriform,
100–130 mm deep, through glass micropipettes with tip diameter of 3 mm.
The red dye in the pipette solution allowed us to visualize our injections, which
sometimes failed due to clogging. We achieved good labeling of thousands of
cells in layer 2 after successfully injecting the dye 50–100 times in 100–200 ms
puffs spaced at 5 s intervals. We calculate that injections yielding the widest
expanses of well-labeled cells totaled tens of nl based upon estimated
volumes that the dye solution occupied in our pipettes before and after inject-
ing. Functional imaging was not performed until 1 hr after the injections were
complete to allow the calcium dye to fully load the cells. The craniotomy
was covered with 2% agarose (TypeIII-A, Sigma) in ACSF and a fragment of
No. 0 glass coverslip, cut to fit inside the silicone sealant well, to suppress
brain movement due to breathing and vascular pulsation.
Functional Imaging
All odorants were obtained from Sigma (except mouse urine, which we
collected, and TMT, which we obtained from Pherotech) and of the highest
purity available. The odorants were diluted in DPG to bring them to
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vapor pressures. For mixture experiments, the odorants were mixed in liquid
phase at the same concentrations as those used for individual presentation.
Subjects were stimulated with odorants using a custom-made olfactometer
(manifolds, valves, and valve controllers purchased from Automate). Medical
air from a tank was filtered through activated charcoal and hydrated by
bubbling through water prior to its delivery to the olfactometer. For each trial,
the targeted cells were initially imaged for 2 s under a constant flow of clean air
to obtain a measure of baseline fluorescence and noise. The airflow was
switched to odorant-laced air for 1 s and then back to clean air with no change
in overall flow rate. Subjects were presented with odorants or controls—air or
di(propylene glycol) (DPG)—in a random order for 10 to 20 trials for each set of
targeted cells. Preliminary experiments demonstrated that the duration of
calcium signals elicited by odorants varied across cells but that the longest
responses dissipated by 15 s. The presentation of consecutive stimuli was
therefore separated by at least 15 s. Two-photon imaging was carried out
with either a Nikon LWD 16X .80W or Nikon FLUOR 40X .80W objective. The
excitation wavelength was set to 810 nm, and the fluorescence emission
was filtered with Chroma’s 580 dcxr dichroic and hq525/70 m-2p bandpass
filter. Acquisition of time series of images was programmed (165 3 165 pixel
region of interest; 2.0 ms dwell time per pixel) to allow collection of images at
6 Hz for durations of 5–6 s. After functional imaging was complete for a given
site, a picture of the blood vessels at the surface of the cortex was acquired to
assist in the montage of multiple sites.
Image Analysis
The imaging data were analyzed using custom software written in Matlab. To
reduce movement noise before analysis, individual images in each trial time
series were aligned relative to each other, and data from different trials and
conditions were also subsequently aligned, using an autocorrelation routine
(Figure S2). The autocorrelation routine incorporated the Matlab function
normxcorr2, which computes the normalized cross-correlation between
a template matrix and a comparison matrix. The template matrix was the first
image in an individual t-series for single t-series alignment, the cross-image
average of the (usually) first trial t-series for multiple trial alignment, and the
cross-trial average of the first condition of multiple condition alignment.
Multiple methods were used to assess odorant-evoked responses, yielding
similar results. A simple cell-based approach was used to construct the
response maps presented in the paper (Figure S1). The raw, unfiltered images
at each time point were averaged across all trial t-series for each stimulus
condition. Cell bodies within the imaged region were automatically identified
using a cross-condition, cross-trial average image as the template. The pixels
within automatically identified cell bodies were then averaged so that each
cell’s response to each condition was represented by a single series of
average fluorescence values over time. These average fluorescence values
were converted into relative fluorescence changes (DF/F) by subtracting
then dividing each series by the mean value obtained during the first 2 s of
imaging when no odorant was presented. To normalize for differences in noise
across the population of cells, each series was further divided by the standard
deviation over this 2 s baseline period, a step that was only undertaken for the
assessment of significant responses and is not reflected in any of the other
presented data. The response of a cell to a given odorant was then calculated
as the mean normalized DF/F during the 2 s after the onset of odorant presen-
tation. A given cell was considered significantly responding to a given odorant
if its response was greater than the average plus 2.58 times the standard devi-
ation response to air across the entire cell population. The DF/F traces of
responsive cells were visually inspected and compared with those of nonre-
sponsive cells to assess the method’s sensitivity and accuracy in identifying
cells with odorant-evoked changes in fluorescence.
Random Connectivity Model
Simulations of the model were run using custom software written in Matlab. An
odorant activated N out of 1000 glomeruli/mitral cells (G/Ms), representing
input from 1000 different receptors and disregarding differences between
glomeruli or mitral cells receiving the same input. G/M responses to an odorant
were assigned values according to an exponential distribution. Each piriform
cell (P) was connected through excitatory connections with Cex G/Ms andthrough inhibitory connections with Cin G/Ms. Cex and Cin could differ. The
magnitude of an individual excitatory input equaled the response of its G/M
and the magnitude of an individual inhibitory input equaled the response of
its G/M times a factor, Min. Inhibitory connections from a G/M to a P were
assumed to pass through inhibitory neurons in the piriform. If, for example,
N = 50, Cex = 150, Cin = 300, and Min = 0.55, then G/Ms 1 to 50 out of 1000
would be activated and any P would receive excitatory input from any of these
falling within its randomly assigned combination of 150 connected excitatory
G/Ms and inhibitory input from any of these falling within its randomly assigned
combination of 300 connected inhibitory G/Ms. The value of its inhibitory
inputs would be reduced by a factor of 0.55. For each cell, the total inhibitory
input was summed and subtracted from the total, summed excitatory input,
yielding the net excitatory or inhibitory effect of the odorant on the cell. If
this value exceeded an arbitrary threshold of net excitation (T), then the cell
was deemed responsive. Simulations were run for 1000 Ps with different
values of N, Cex, Cin, Min, and T to identify those combinations of parameter
values producing the observed results.
SUPPLEMENTAL DATA
SupplementalData include12figures followedbyabrief supplementaldiscussion
describing the model of random connectivity and can be found with this article
online at http://www.cell.com/neuron/supplemental/S0896-6273(09)00684-9.
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